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YAWED-ROLLING TIRE MECHANICAL PROPERTIES TESTING

OF THE NAVY T-45 AIRCRAFT TIRES

Robert H. Daugherty

NASA Langley Research Center

ABSTRACT

The T-45 Goshawk is a United States Navy jet aircraft used primarily as a trainer.

The aircraft design makes use of "off the shelf' hardware as much as possible and was

found to have unusual directional control issues during ground operations. The aircraft

was involved in numerous pilot-induced-oscillation incidents as well as observed to have

unusual directional control reactions to failed main gear tires, a condition that is normally

handled relatively easily by conventional aircraft steering control techniques. The

behavior of the aircraft's tires had previously been modeled in simulators as a result of

approximations provided in 40-year-old reference publications. Since knowledge of the

true tire cornering and braking behavior is essential to modeling, understanding, and

fixing directional control problems, the United States Navy requested assistance from the

NASA Langley Research Center's (LaRC) Aircraft Landing Dynamics Facility (ALDF)

to define the yawed-rolling mechanical properties of the T-45 aircraft tires. The purpose

of this report is to document the results of testing the subject tires at the NASA LaRC

ALDF in September 1998. Brief descriptions of the Instrumented Tire Test Vehicle

(ITTV) are included to familiarize the reader with the ITTV capabilities, data acquisition

system, test and measurement techniques, data accuracy, and analysis and presentation of

the testing results.

FACILITY CAPABILITIES

The ITTV consists of an approximately 28000 lb. truck to which is attached a

pneumatically driven test fixture loading system. A specially designed force

measurement dynamometer allows for a variety of aircraft and automotive type

components, especially tires, to be mounted in the test fixture. Forces and moments

associated with yawed or braking rolling conditions such as vertical load, drag load, side

load, yaw angle, aligning torque, overturning torque, and speed configurations are

measured and recorded by an onboard electronic data acquisition system. Continuous

time histories are taken by appropriateIy placed strain gages for each test run. For the

present series of tests, either a T-45 nose tire (19x5.25-10 12-ply) and wheel, or a T-45

main tire (24x7.7 20-ply) and wheel were mounted to the test fixture axle and low-speed

tests were conducted by driving the ITTV over a dry, concrete taxiway. Vertical loads

for the present testing ranged from 300 lb. to 900 lb. for the nose gear tire and 3000 lb. to

6000 lb. for the main gear tire. Yaw angles ranged from 0 to approximately +/- 20

degrees (See Appendix A for a listing of the test matrix). The ITTV responds to test tire

side forces by acquiring a small opposing yaw angle until system side forces are



balanced.Prior to thesetests,a seriesof testswasconductedto quantify thisresponse
resultingin anITTV yawanglecorrectionof aboutonedegreeper 1000lb. of sideforce
at thetesttire location. However,theyawcorrectionwasutilizedonly for themaintire.
Thesideloadsdevelopedby thenosetire weregenerallysosmallthattheresponseof the
ITTV in yaw wasnegligible. Theinvestigationof the maintire alsocalledfor sIip ratio
tests. Slip testswereusedto simulatewheelbrakingandto determineanyreductionin
corneringperformanceundermild to moderatebraking. Slip ratiosaredefinedasthe
differencebetweenthegroundspeedandtire speeddividedby thegroundspeed.For
example,a locked,skiddingtire would havea slip ratio of 1.TheITTV hasageared
fixture that allows for different slip ratiosto beselected.For thesetests,theratiosvaried
from 0.04 to 0.1i.

DATA ACQUISITION SYSTEM
2

During a test, the following parameters were measured:

• Yaw angle, deg (set mechanically with accuracy better than 0. l deg)

• Vertical load, lb. (ch 5)

• Side Load #i, lb. (ch 6)

• Drag Load #2, lb. (ch 4)

Each of these analog measurements were converted to digital signals on-boardthe

ITTV. The 12-bit system allows theoretical resolution of 1 count in 4096 counts. All

channels (with corresponding parameters) have a linear behavior. Each side or drag

channel is calibrated to independently give a measure of total side or drag. Side force

and drag force interaction with vertical load is accounted for by using an offset "b" term

and will most accurately reflect side loads at about 3000 lb. vertical load. Each channel

was calibrated and the following sensitivities were recorded:

Ch 4 (Drag #2) 231133 lb./voh (resolution of approx. 12 lb.)

Ch 5 (Vertical) 328054 lb./volt (resolution of approx. 26 lb.)

Ch 6 (Side #1) 241626 lb./volt (resolution of approx. 12 lb.)

-35.160 lb.

= +-j=

0.000 lb. "b"

-4.7628 lb.

Positive side force is represented as a vector pointing towards the left side of the ITTV.

Positive yaw angle is represented as a vector pointing towards the right side of the ITTV;

thus a positive yawed-rolling test produced a negative side force. The yaw angle is

defined as the angle between the wheel plane and the velocity vector, and the side and

drag forces are measured perpendicular and parallel to the wheel plane. For each test



sessionthespecimenwasfloated,in whichthespecimenwasnot touchingthegroundnor
wastheITTV fixture "bottomedout" in theupdirection. This alsoallowedfor proper
zeroesfor eachparameterto be recorded.

TEST AND MEASUREMENT TECHNIQUES / DATA ACCURACY

Footprints:

Deflection characteristics of each tire were defined using a technique of taking a

"footprints" of the specimen at varying parameters. Different combinations of vertical

load and tire pressure were tested. This series of tests was accomplished by placing a

piece of white cardboard underneath the raised tire positioned on the 1TTV's testing

fixture and applying a thin layer of chalk to the tire's surface. The tire then left a chalk

footprint on the cardboard when vertical load was applied by the test fixture. Care was

taken so as not to apply a load greater than the reported load for each condition. These

footprints illustrated the test tires' deflection and footprint area trends at each of the

conditions of the actual ITTV rolling tests. Full-scale footprints for each tire under each

of the load and pressure test conditions are presented in Appendix B.

General:

During this investigation, several types of tests were conducted. For each tire

different variables, including tire pressure, vertical load, and yaw angle were held

constant while one of the other variables was changed. Slip-ratio testing was conducted

on the main tire only. The tests followed the planned test matrix (except for a few added

repeat runs...see Appendix A) and each test run was saved as a different data file in the

ITTV onboard computer for later analysis. During the testing, specific data files were

periodically plotted on the onboard computer and were analyzed for general accuracy.

Appendix A also includes plotted parameter time history data from each test.

Nose Tire Tests:

For these tests, the nose gear test tire was mounted on the ITTV test axle. The

static load supported by each nose tire is approximately 6% of the aircraft weight. This

should be distinguished from the true loads imposed on the nose tires during actual

aircraft operations. The inflation pressure for the first set of tests was 125 psi. Test runs

were made at this pressure with vertical loads ranging from 300 lb. to 900 lb. For these

tests, the ITTV was driven down a small distance of the taxiway at low speeds while the

onboard computer recorded data. After each run, the yaw angle of the tire was adjusted

and the next run was initiated. This procedure continued down the length of the taxiway.

New zeroes in the onboard computer were taken after vertical load changes were made.

Yaw angles for these tests ranged from 0 to 20 degrees. A concern arose about the

symmetry of the tire in the positive compared to the negative yaw direction. Therefore,



negativeyaw anglesweretestedon thefirst seriesof runsat 600 lb. to test for

symmetrical properties. The testing showed that the cornering was not symmetric with

yaw angle, a common phenomenon typical of bias-ply tires and referred to as ply-steer.

During the test runs at the other vertical loads, symmetry was tested as well. The same

procedure as above was performed for the test runs at a tire pressure of 350 psi. Two

tests were conducted to describe the sliding friction of the nose tire at a 90-degree yaw

angle. These tests were designed to provide information on the moment that could be

produced by the tire about the aircraft center of gravity in an extremely dynamic

condition of high-yaw rates produced by a failed main gear tire.

Main Tire Tests:
- _ ZZ --'_ ......

The main gear tire tests were similar to those of the nose gear tire, with the

exception of the addition of slip ratio tests. The tire inflation pressures remained at 125

psi and 350 psi. It was decided that vertical loads should range from 3000 lb. to 6000 lb.

The static load supported by each main tire is approximately 44% of the aircraft's

weight. This should be distinguished from the true loads imposed on the main tires

during actual aircraft operations. Yaw angles for these tests ranged from 0 to 20 degrees

(symmetry was evaluated by limited testing at negative yaw angles). A gearing systena on

the ITTV allows for an axle with a universal joint (driven by a chain connected to the

ITTV rear tires) to be connected to the test tire axle. Different gears allow for different

slip ratios. For the tests at hand, slip ratios were set at 3.7 % slip and 11.3 % slip. The

yaw angles for the slip tests ranged from 0 to 10 degrees yaw. The full 20 degrees was

not reached because of interference between the universal joint and other ITTV

hardware.

Repeat Runs:

Repeat runs were made for each test tire (nose gear and mare gear). The purpose

of this was to evaluate the repeatability of the data acquired by the onboard electronic

data system. These repeat runs were made at various vertical loads and at various yaw

angles. Since the loads were very light on the nose gear tire and it was known that

reading and loading accuracy are generally lower in this case. proportionally more repeat

runs were required to confirm the repeatability. At the heavier vertical loads tested for

the main gear tire, less repeat runs were needed

i
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DATA ANALYSIS

All test data were acquired at a rate of 10 samples/sec. The onboard computer

allowed the user to download the data from the test runs and print out a hard copy. Each

data set contained separate time histories (usually for a duration of about ten seconds) of

the measured parameters. From these time histories, an average for each parameter was

determined by hand fairing a best-fit line through the data plot. Several seconds of test

data were typically faired after the side forces had reached a steady-state condition due to

variations in the vertical load data from rolling on the extremely stiff tires and slight

runway surface height variations.

Error Analysis:

An error analysis was performed to investigate the effects of electronic system

noise and plot reading accuracy of the data. Resolution for each channel was previously

given. The system has relatively large errors associated with computing side force

coefficients at low vertical loads. The vertical load was shown to have a reading accuracy

of only about +/- 75 lb., due to several counts of system noise and also to the nature of

rolling an extremely stiff tire on a real surface with real texture and bumps. The side force

was shown to have about the same accuracy of about +/- 75 lb. Thus at 300 lb. vertical

load and 10 degrees yaw, for example, the potential error in side force coefficient can be as

high as +/- 0.3. This number reduces to +/- 0.17 and +/- 0.12 as the vertical load is

increased to 600 lb. and 900 lb. respectively. At the high vertical load conditions for the

main tire tests, similar analysis suggests that the potential error in side force coefficient is

about +/- 0.04 and +/- 0.02 for the 3000 lb. and 6000 lb. vertical loads respectively.

Appendices A and C present plots for the one hundred and thirty test runs. The

hand-read loads taken from the plots (generated using Labview software) were transferred

to another plotting setup. These data for the nose and main gear tire tests were then plotted

using Excel and Cricket Graph III. These plots are:

1. Side force coefficient vs. Yaw angle

2. Drag force coefficient vs. Yaw angle

The force coefficients were obtained by dividing the side or drag forces by the

vertical loads, thus non-dimensionalizing the data. Comparison plots of the effects of

various loads on the tire and the effects of different tire inflation pressures are included.

These comparisons are plotted as side force coefficient or drag force coefficient versus

yaw angle and are presented in Appendix C.

A third-order polynomial curve fit was generally applied to the data. The

intention of using this type curve fit is the fact that as the yaw angle increases for the tire,

there is generally seen a trend of increasing cornering efficiency as yaw angle increases

up to a point, and then as yaw angle is increased further, the cornering efficiency begins



to drop. Thus,thecurvestendto look fairly similar to lift coefficientversusangleof
attackcurvesin aeronautics.For mostof thetire corneringtestconditions,bothpositive
andnegativeyawanglesareplotted.

RESULTS AND DISCUSSION

The following discussion refers to the footprint figures presented in Appendix B

and the data plots presented in Appendix C.

Tire Footprints:

Nose Tire:

Figures B1 through B6 present footprint areas for the nose gear tire for vertical

loads ranging from 300 lb. to 9_ lb. and for both 125 and 350 psi. inflation pressures.

Comparing figure B 1 with B4, one can see that a factor of almost 3 on inflation pressure

does not cause the higher-pressure footprint to have one-third of the area of the lower-

pressure footprint. In fact, there is only a very slight reduction in footprint area as the

pressure is raised from 125 psi. to 350 psi. Comparisons of figures B2 and B5, or of

figures B3 and B6 show other examples of the same phenomenon. These figures indicate

that the tire vertical stiffness, at these loads, almost completely dominates the deflection

behavior. Thus, the tire/ground contact pressure for each of these two inflation

conditions is only modestly_affe_ct_ed by the inflation _pr_essure. This would lead one to
believe (hat only a small reduction in cornering efficiency'would be observed as the

inflation pressure is inCreased from 125 psi. to 350 psi. Normally, the following

empirical relationship can be used to describe an estimate for the maximum friction

obtainable on dry concrete for a given inflation pressure:

1u max = 0.93-0.0011" P where P = inflation pressure in psi. . ....

= ......

Since this tire is so stiff, this prediction technique is probably somewhat unreliable.

These footprints demonstrate the extremely small contact patch for the nose tire under

realistic operating loads. The footprints also show that at a given pressure, increasing the

vertical load by a factor of 3 also does not increase the footprint area substantially; in fact

the footprint area grows by only about 25 to 35% for the drastic change in load. Thus,

the deflection range the tire is operated within, while numerically having loads that can

change by a factor of three, is almost constant, suggesting that a single behavior in

coefficient form is appropriate to describe its cornering behavior. This tire is operated

substantially below the conditions it is designed to operate at, namely vertical loads of

about 4000 lb., or in other words, a deflection of approximately 32%. In this highly

unusual condition, while we have attempted to provide a model for the tire behavior, one

should expect unusual behavior. Even before evaluating the tire cornering behavior, it is

recommended that either the tire, the loads, or the pressure be changed so that the nose

gear tires are operated at a more conventional deflection.

6



Main Tire:

FiguresB7 throughB10presentfootprint areasfor themaingeartire for vertical
loadsrangingfrom 3000lb. to 6000lb. andfor both 125and350psi. inflation pressures.
Comparingfigure B7 with B9, andcomparingfigure B8 with B 10,onecanseethata
factorof almost3 on inflation pressuredoesnotcausethehigher-pressurefootprint to
haveone-thirdof theareaof the lower-pressurefootprint. In fact, thereductionin
footprint areaasthepressureis raisedfrom 125psi. to 350psi. is only about30 to 40%.
Thesefiguresindicatethatthetire vertical stiffness,at theseloads,substantially
dominatesthedeflectionbehavior.Thus,thetire/groundcontactpressurefor eachof
thesetwo inflationconditionsis only moderatelyaffectedby theinflation pressure.The
footprintsalsoshowthat at agivenpressure,increasingtheverticalloadby afactorof 2
alsodoesnot increasethefootprint areaproportionately;in fact thefootprint areagrows
by only about50 to 60%for thedrasticchangein load. Thus,thedeflectionrangethe
tire is operatedwithin ata givenpressure,while numericallyhavingloadsthatcan
changeby a factorof two, isalmostconstant,suggestingthata singlebehaviorin
coefficient form is appropriateto describeits corneringbehavior,at leastfor a relatively
largerangein load. This tire is operatedsubstantiallybelow theconditionsit is designed
to operateat, namelyvertical loadsof about12000lb., or in otherwords,a deflectionof
approximately32%. This tire is notoperatedin theextremelyunderloadedconditionof
thenosegeartire, but it is neverthelessoperatedwell belowits designdeflection.
Considerationshouldbegivento changingtheoperatingdeflectionof this tire aswell.

Nose Tire Cornering:

Figure C 1 shows a plot of side force coefficient (mu side) as a function of yaw

angle at an inflation pressure of 125 psi. The plot shows three vertical loading conditions

ranging from 300 lb. to 900 lb. Figure C2 shows a similar plot at an inflation pressure of

350 psi. A third order polynomial is curve-fit to each set of data but the equations for

each are not presented. In most cases, the curve does not go through the origin. We

believe there are two main reasons for this. First, the accuracy of the system is such that

the precise measurements needed to actually determine the true intercept are nearly

impossible. Included in this is the fact that the tire is so stiff that minute surface

disparities can cause relatively high tire forces, showing up as "noise" in the tire vertical

load measurement. A higher data acquisition rate would more clearly demonstrate this

phenomena. Secondly, we believe that there is likely a phenomenon referred to as ply-

steer occurring in which a bias-ply constructed tire can develop side forces at zero yaw

angle due to the asymmetry, by definition, of the carcass of the tire. The asymmetry

manifests itself as a twist in the footprint as the tire is deflected vertically. Also of note

is the lack of a well-behaved trend in vertical load seen particularly in figure CI where

the normal expectation that side force coefficient reduces as vertical load increases is not

present. The equations for the curves fit through these data are not presented because it

was concluded that due to the extremely small deflection range actually observed,

coupled with the inaccuracies of the measurement system at these low load levels, it is

not possible to accurately predict the intricacies of the tire behavior at these conditions.

7



Rather,it makes better engineering sense to combine, at a minimum, all of the data

generated at each inflation pressure and curve-fit a single line through all of the data.

These plots are presented in figures C3 and C4. Thus, for a tire pressure of 125 psi on

the nose tire, the following equation is suggested as the predictive tool for tire side force
coefficient:

3 2

la side = (6.869E-05)*Yaw + (l. 105E-04)*Yaw - (6.846E-02)*Yaw + 5.103E-02

where Yaw = yaw angle in degrees

This_, model is valid for yaw angles between +/- 20 degrees and loads between 300 and
900 lbs.

For a tire pressure of 350 psi on the nose tire, the following equation is suggested as the

predictive tool for tire side force coefficient:

3 2

la side = (7.326E-05)*Yaw + (2.549E-04)*Yaw - (6.150E-02)*Yaw + 1.985E-01

where Yaw --yaw angle in degrees

This model is valid for yaw angles between +/- 20 degrees and loads between 300 and
900 lbs.

For both of the above models, for vertical loads less than 300 lbs. evaluate the side force

as if the vertical load were 300 lbs. and then scale the result by the ratio of actual vertical

load divided by 300. For vertical loads above 900 lbs. conduct a similar exercise in the

other direction.

Due to the scatter in the data for the nose gear tire already discussed, it would likely be

acceptable to condense all the test data at all loads and both pressures into one data set

and fit a single curve to the data, although it was not decided to present the data in that

way in this report. The apparent effect of pressure seemed to be slightly more significant

than the apparent effect of load for the nose tire.

Figure C5 presents both curves and the data to which they were fit on the same plot.

Figure C6 presents aplot of the repeat runs so that the repeatability of the testing can be

seen. For each yaw angle plotted, there are two like data points which represent a set of

repeated tests_ The load for any specific set of tests is shown in the plot legend. As can

be seen, in some cases the scatter for a set of repeat runs can be as high as 0.7, but an

average scatter value is closer to about 0.2 to 0.4.
i

Two tests were conducted at a 90-degree yaw angle to simulate what might occur during

a landing where one main gear tire is flat or dragging. The intent was to determine how

much restoring torque is available at the nose gear in such a situation. The first test was
conducted at 710 Ibs. vertical load and the other at 240 Ibs. The side force coefficients



were0.42and0.66 respectively.Therelevanceof thesenumbersis seenin thefollowing
example.Supposealandingwith onemaingeartire flat andthedragforcecoefficient
on that gearisequalto 0.2. Dueto thegeometryof thevehicle,a lateralforceof about
600 lbs.atthenosegearis necessaryto preventthevehiclefrom yawing in thedirection
of thefailedtire. As canbeseenin numerousvideotapesof T-45 landings,oftenthe
nosegeartoadis extremelylow asevidencedby anextendednosegearstrutearlyin the
rollout. This indicatesthenosegearloadmaybe in the500-600lb. loadrange.The 240
lb. verticalloadtestindicatesthattheforceavailableatthenosegearmaybeonly 320
lbs.This is only abouthalf of theforcerequiredto restrainthevehiclefrom an
uncommandedyaw in thedirectionof thefailed tire. Thus,a low nosegearload
combinedwith a failed maingeartire canproduceahighly dynamicyawcondition that

is uncommanded. In fact there may be a condition where there is not enough nose gear

load to allow effective nose gear steering in which case the only other available means

would be using the rudder pedals and differential braking. It is clear that a low nose gear

vertical load is undesirable and can result in not only this highly dynamic situation but

can also manifest itself as a classic under steer condition. Means to provide increased

nose gear load on this vehicle should be examined.

Main Tire Cornering:

Figure C7 shows a plot of side force coefficient (mu side) as a function of yaw

angle for a vertical load of 3000 lbs. and for inflation pressures of both 125 psi. a_d 350

psi. Figure C8 shows a similar plot at 6000 lbs. vertical load. A third order polynomial is

curve-fit to each set of data. Due to the nature of the higher loads imposed on these tires

during testing, less data scatter is seen and a more well-behaved set of data results. As a

result of the behavior of the footprints for the main gear tire seen in Appendix B, it was

determined that the deflection of the tire was relatively constant at either the I25 psi. or

350 psi. inflation pressure. Thus the data was divided into two sets, one at 3000 Ibs. and

the other at 6000 lbs. So, for a vertical load of 3000 lbs. and either tire pressure on the

main tire, the following equation is suggested as the predictive tool for tire side force

coefficient:

3 2

side = (1.083E-04)*Yaw - (8.781E-05)*Yaw - (6.923E-02)*Yaw + 3.313E-02

where Yaw = yaw angle in degrees

This model is valid for yaw angles between +/- 20 degrees.

For a vertical load of 6000 lbs. and either tire pressure on the main tire, the following

equation is suggested as the predictive tool for tire side force coefficient:

3 2

side - (6.970E-05)*Yaw - (3.986E-05)*Yaw - (5.336E-02)*Yaw + 2.461E-02

where Yaw -- yaw angle in degrees

9



This model is valid for yawanglesbetween+/- 20degrees.

For vertical loadsbetween3000lbs.and6000lbs.,evaluatebothmodelsat theproper
yawangleandderivethesideforces.Theninterpolatebetweenthesideforcevaluesto
calculatethesideforcebasedon theinterim load. For loadsbelow3000lbs.,evaluate
the3000lb. modelat theproperyaw angleandthenscaletheresultantsideforceby the
ratioof actualverticalloaddivided by 3000. For verticalloadsabove6000lbs.conduct
asimilar exercisein theotherdirection.

ComparingfiguresC7andC8, onecanseea reductionin thecorneringpower,or slope,
of themu vs.yawcurvefor the6000lb. data. This is atypical phenomenonwhere
increasesin load,or deflection,tendto reducethecorneringefficiencyof atire aftera
certainpoint.

Figure C9presentsaplot of therepeatrunssothat therepeatabilityof thetestingof the
main geartire canbeseen.For eachyawangleplotted,therearetwo like datapoints
which representasetof repeatedtests.The loadfor anyspecificsetof testsis shownin
theplot legend.Thedatashowvery goodrepeatabilityandsignificantlylessscatterthan
thedatafor thenosegeartire, andthusprovidesa strongbasisfor confidencein the
modelsfor themaingeartires.

Main Tire Braking--
5_2;

Several tests using fixed slip ratio were conducted to determine the effects of braking on

the drag coefficient of the main tire as well as any reduction in cornering capability in the

presence of braking. Two fixed slip ratios were selected to represent mild and moderate

braking; 3.7 percent and 11.3 percent respectively (again, a locked wheels skid would

represent 100 percent slip). These tests were conducted under a nominal 3000 lb. vertical

load and at a tire pressure of 125 psi. to most closely represent the runway environment

under which braking Would occurl Figure CI0 presents a plot of drag coefficient vs. yaw

angle for both the zero slip condition and the other two slip ratios. The drag coefficient

is defined as the drag load in the plane of the wheel divided by the vertical load. Ascan

be seen in figure C I0, increasing the slip ratio increases the drag coefficient and for any

given slip ratio, increasing the yaw angle tends to decrease the amount of drag capability

of the tire. Figure CI 1 presents a plot of side force coefficient vs. yaw angle for O, 3.7,

and 11.3 percent slip ratios. The plot shows that for a given yaw angle increasing the slip

ratio of tire, or braking, tends to reduce the amount of side force coefficient generated.

This is a common phenomenon and occurs because there is only a certain amount of

friction available in the footprint, SO there exists atr_cl_-0ff between the amount of

cornering and brakingf6rce-ihat-cah -occu( at any ofie -t-i-me. A simple mo_-elto describe

this reduction in side force coefficient as slip ratio is increased is as follows:

= * (1-0.0545*SLIP)la side slip ].1side free

10



whereSLIP = thebrakingslip i'atioin percent(for theseteststhevalueswouldbe
describedas3.7or 11.3)

and_ sidefree = the value of side force coefficient as calculated previously without slip

This model is valid out to yaw angles of approximately l0 degrees. This simple model

assumes a linear relationship for the effect of slip ratio on side force coefficient and

neglects any effect of increasing yaw angle itself. A more complex model including yaw

angle could be generated but for most simulation purposes the simple form of the model

is most likely sufficient.

CONCLUSIONS

A series of tests was conducted to define the cornering behavior of both the main and

nose gear tires of the T-45 aircraft. Additional tests were conducted to determine the

braking behavior of the main gear tire as well as any reduction in side force coefficient

under the presence of braking. The load, yaw angle, and tire pressures in this

investigation were selected to encompass as much of the T- 45 aircraft operational

envelope as possible. From this investigation the following conclusions were reached:

I. Both the main and nose gear tires are extremely stiff, resulting in an extremely small

contact area regardless of the tire pressure or load.

2. Both the main and nose gear tires are operated in an extremely under-loaded

condition, especially the nose gear tire, and especially when inflated to 350 psi.

3. The main and nose gear tires have reasonably similar cornering capability. However,

if the nose gear is operated at less than its proper load (meaning its normal static load

based on the position of the aircraft CG) an under-steer condition will exist wherein the

main gear tires produce more than their share of yaw moment during cornering as

compared to the nose gear tires. Thus, with less than the normal static load on the nose

gear the vehicle would be prone to pilot induced oscillations in the yaw direction.

4. Due to the stiffness of the nose gear tires, very little deflection difference exists

between 300 lbs. and 900 lbs. vertical load. Since variations in cornering behavior (side

force coefficient) are typically caused by deflection, it is acceptable to model the side

force coefficient with a single behavior curve within this load range at a given pressure.

The difference in tire deflection due to inflation pressure is observable, albeit small.

Thus a separate curve to describe the cornering behavior at the higher inflation pressure

is given.

5. The stiffness of the nose gear tires, at either pressure, combined with the relatively

low average load on the tires also causes relatively large variations in normal load while

traversing any surface due to very small disparities of the surface. This tends to

contribute to a rather large range of data scatter during testing of this tire and also

negatively influences repeatability of testing.

6. Main gear tire testing indicated that at a given load, a single curve is sufficient to

describe the cornering behavior of the tire at either inflation pressure. For the main gear

tire, doubling the vertical load had the typical effect of reducing the cornering efficiency

and thus a separate curve is presented for each load tested.

7. Exceptional repeatability was demonstrated during main gear tire testing.

11



. Fixed slip ratio testing defined the effect of slip ratio on drag coefficient. As slip

ratio increases, corresponding decreases in cornering efficiency, or side force

coefficient, are observed.
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Appendix A
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T-45 Nose and Main Gear Tire Data Plots
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AppendixA
T-45TestMatrixRevB

T-45 Noseand Main Tire Cornering Test Matrix
RevisionB _Actual Test MatrixFollowedasof 9/15/98

I I
__. Notes:Twoweightconditions....approx,zero-fuel=10700Ib

] and approx,max=145001b
Staticloads: IMaint res=approx44%weght/tre 1

I O , "

......... I+___ iNosetires=approx.6_ weight/tir_e_,I
' = (+yaw=stee!right=negativeside load)

i '

Vertical Sideload, Side
load, Ib Ib coeff.

Nose "l;iie'-

Run Pr_Pressure,_Nora.Ioad,_Yawan__e
--I psi J Ib / - -

run1 1251 600
run2 1251 600

run3 125[ 600
run4 ! 1251 600
run5 i 125; 600

-- -i .......... _ .....

run6 1251 600
....... r

run7 :_
run8 '
run9

run10 i
run11
run12
run13 '
run14
run15

i!ii °oo
!25i
125'

125i

125_.

125_
125',

run16 : 1251

run17 125
run18 125

0
2
4
6
8

10
12

600 15
600 20

L

600 -2
600 -4
600 -(_
600 -8
600 -10

600 -12

6251
590I
570
60O

620!
600

630
660
700

650

680

650
675

630
620

-10
-175

I
i

i
Note: R : repeat f

N = negativeyaw

-0.016
-0.29661

-240 -0.421053
-375
-4OO

-0.625
-0.645161

-470 -0.783333
-45O
-550
-640
140
2OO
260
350
400
450

600 -15 625 500
600 -20 600 520

300 0 340[
_n191 125 300
run20 ! 125 300

run21_l 125 300
run22 I 125r 300
run23 125i 300
run24 125 300

....

4 250l
6 375!
8 350I

10 390[
12 390l

15 380
20 325
0 960I
0 900
0 910
2 980

80

-50

-0.714286
-0.833333
-0.914286
0.2153846
0.2941176

0.4
0.5185185
0.6349206
0.7258065

0.8
0.8666667

run25 1
run26

!

ran27,

run27R
[un27RB]

ru_28-_---

run29

125

125[
125

125

1251

3001
300
90O
900
9OO
900
9O0

0.2352941

-0.2
-80 -0.213333
-90 -0.257143

B = backward

Comments:

-150 -0.384615
-210 -0.538462
-240 -0.631579
-190 -0.584615
130

-80

4_ 950 -230

0.1354167

_run29N_ .... 125 900 -4
run30 ] 1251 900 6

run31 125; 900 8

run31N, 1251 900 -8
_n32: 125' 900 10
run33 125' 900 12

f
l

' i
' 1

Run1-17definedirectionalsymmetry
changedIIoadfor symmetrywork
to 600 lb..perhapsa littlemore
realisticloadlookat symmetry

! i
i

i

thisseriesswitchedto 3001b

950
9501

IOOOI
1000I
1000!
10001

-0.087912

Seemedto beply steer....rezeroedand
repeated...plysteerpresent

0 Plysteerawayfrominflationvalve
-0.242105

500 0.5263158
-310 -0.326316
-400 -0.4
740 0.74
-500 -0.5
-575 -0.575

andawayfromtireS/N )
Run27RB,rollingbackwardto confirm _! ..........
plysteer I ,;

Repeat31 butatneg.yaw
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AppendixA
T-45TestMatrixRevB

run33Ni 125'. 900 -121

run+34+ 125r g00 .1515run34N 125 900

run35 125i 900i
run35N 1251 990..

_mn3.___66 350 300,
mn36R 350 300

_[un37 I 350 300

Lmn38j .... 350 3001

2o1 loooE -7oo!
-2oi iooo looOi

01 blank
o 25oT -3o
2_ 325 20
_ 310 0

I '950_ 8000.m210531
950'. -8251-0.85789g

-0.7

:_epeat33but at neg.yawi

Repeat34 but atneg.yaw

1 Repeat35 but at neg.yaw

-0.12 SideforcesIow..prob.a lot of scatter
0.0615385

0_
run38R' 350
run38N' 350

300 4! 350 -200
300 -41 300 225

-0.5714291
0.75

0.27?7778run38NRi 350 3001
mn39 i 350 3001
run40 350 300

300
300
90O
900
9OO

-4 360: 100
6i 3001 -10 -0.033333

900;
900

81 250
run40R 350 300 8 300

run40NI 350 300 -8 310
run40NR! .... 350-- 300 -8! 300

run41 I 350 300 10 300I
run42 i 350 300 12! 300I

run_4-2R_ 35oi+ 3____ _--375-!

run42N 350', .300 -12i 300
run42NR 350 300]

run43 3501
run44 350[
run45 3501

+re.n4__6_......... _35._o,'
run47 ._ 3501
run48 350!

......... I

run49 350[
run50 350__
run51 350i

run52 3501
run53 350[
run54 350
run55 350

900
900
9oo
go0

300
g00

run56 350 600

-12;
15j 3ooi

200 275"blank I

2! 9_ o
4[ 89o -16o:
6i 900 -225!

2O

0 0

-210 -0.7
2500.806451.6

mn57 350

ru-__.T, 125
run59 125

, mn60 125
mn61 1251
mn201 3501
mn2021 350

mn20_NI.........._50_ 6oo_
mn203 ;__ 3501 _600 L
_n203N! 350] 600]
run204 350T 600i

run204N! 350 600

2000.6666667
o.

-25 -0.083333
-90 4.3

-250
250
200
-50
'50

81 900! -3001

880i -375',

89o[
2 27s
8_ 900

90 710
9O

Repeat38butatneg.yawi
Repeat38N J

I

Repeat40but atneg, yaw_
Repeat40N L

i
t
t

-0.666667 + i
0.8333333Repeat42 buta ne_: yaw i

0.5882353Repeat42N [
-0.166667

-0.181818Note: 350psiand6001bremoved..

300
600'
300 12
600 -2
600 -15
600 0

240

6OO
325

620

60O

6ooi

see if 125psiintePpolationworks
0 first thendecideon6001bi

-0.179775,
-0.251

-0.333333
-0.426136

-410_ -0.476744=
-500| -0.568182
-5001 -0.561798

10
-275
-300

-160
-215
-250
200
510
8O

0.0363636Repeatrun37
-0.305556Repeatrun49
-0.4225351Staticyawmomenttest
-0.666667',Unstrokednosegear test
-0.3583331Repeatrun3

-0.769231Repeatrun24
0.3225806Repeatrun10

0.:8.5;Repeatrun16
0.1333333iAddsomerunsat 350psi,6OOlb

4 600] -90
-4 600' 251

81 600' _ -20_
-8"L_. 60OL - 3001
12[ 6ooi -25o
-12t 6oo! 4go

! 1I

-0.15w/pos andnegyawto roundouttests
0.4166667

-o.333333 I
o.51 _-

-0.416667
0.8166667

i ....

..... =_.....

i

i

i i
t

6ool

!
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T-45TestMatrixRev B

L ............

I
J
i
I

i
I

MainTire:

Run Pressure,
psi

run62 : 1251

Nom.load,
Ib

3O00
run63 125 3000i
run64 i 125 3000T
run65 i 125 3000

_run66 125 3000
run67 125 3000

run68 1251 3000
run69 ! 125 3000

run70_ ....... 125__ 3000!
run71 _ 125 3000Z
run72 i 1251 3000

run73 i 125
mn74 125
irun75 125

mn76 I 125
run77 125
run78 ! 125

run79 125
run80 125
run81 _ 125

---4

run81N L 125
I

run82 i 125

run83 i 1251

run83N I 125!
run84 i 1251
run85 _ 1251
run85N 125i

ru__n86___ 1251
run86N 1251
run87 1251

run88 I 3501run89 350

_ng0 t 350run91 350

3000
3000
3000
3000
3000
3000 !

6000

5oo0i
6OOOi
6000i
60O0

6000
6000
6oooT
6000i

6oooi
60001
60001
6000

3OOO

3000

3000

3OOO
run91N _ 350 3000f
run-92---_ 350i 3000_,

_u-_! 350 3-_F
run94 ! 350 30001
_n94N i 350 3000

mn95 i 350 3000
_n96 I 350 3000

Yawa_n_91eVertical

load,Ib
Sideload, Corrected

I
t

75 0
-425 1.575
-800 3.2

-1200 4.8
-1500 6.5
-1550 8.45

-1800 10.2
-201.01 12.99
-2100i 17.9

500[ -1.5
10001 -3
1300 4.7
1600 -6.4
1750 -8.25
1800 -10.2

0 3100

21 3090i

41 29.9oI
6' 2975
8 3000

10 2975
12 2900
15 29O0
20 2900
-21 3100

-4 3190:
-6 3150:
-8 3210!

-10 32501
-12 3110i
-15 3140i
-20 31.70:
o 63oo'
2 63001

4 62501

-4 6240_
6 6200I
8 62001

-8 _. 6190

12 6100[
-12 61201
15 595OI

-15 6000
20 5950

0 3040

2 2975 I
4 29751
6 2900i

-6 3100'
8', 29501

10 2910i
12 2875

-12_ 3100

15 2900
20 2850

2000 -13

2000 -18
240 0.24

-300 1.7
-800 3.2
1100 -2.9

-12001 4.8
-1700 6.3
2oo0 -6
-2100 7.9
-2600 9.4
2800 -9.2
-3000 121

3200 -11.8

-3400_ 16,6
140 0.14

-275! 1.725
-650 3.35
-8oo' 5.2
1200 -4.8

-1050 6.95
-1200 8.8

-1400[ 10.6

1750 -10.25
-1500 13.5
-1550 18.45

Dra9 load
Ib

- - I "

Comments:
i

I

t
45'Runs 62-78define

50Is_'_metry i

45 -- :

I

95 ,I _--,

110 ] i
110changedloadfor symmetry

'work to 3000lb.. "
perhaps a more realistic t

loadto lookatsymmetry
i
t

l i
t
L__

I
I

Dataappears reasonably _
ts_n_m___

15

4O

6O
95

I
i

iRepeat81but atneg.yaw_ ....
I! ,

Repeat83b_ __
I
L.......

-25
85

100

Repeat85but at neg.yaw !

Repeat86but atne_a w__

L

lOC ].
-40 1 j
120 i t
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run96N I 350
run97 350!

run98 i 350i

run99 ; 350
350

run100N_ 3501
run101 i 350J
mnl02 350!

mnl03 350
runl03N! 350

run104 350_
run105 ! 350

ru_OSN_.... 35or
runl06 ] 125
_n107 i 125 .....
run108 125
run109 125
run110 125

run111 i 125
_n'l i-:_-7 125:

run113 i 125

3000 -20!

6000_ 0
6000! 2
60001 4 ___
60001
60001 -6
6000 8
6000 lOt
6000 12

6000 ,12I
6000 15
6000 20
6000 -20
3OOO
3000
3OO0
3000 6

3OOO 8

3000 10
30OO 12
3000 15

32001 2025
6250! 175
61251 -300
6000 -1000
6000 -1090
6200 1190
5990 -2000

5950] -2250
5000 -2750
6000 29o0
5900 -3000
5800! -36io!

__ 6000 i 3500
o; 31601 -5o
2 30501 -250

4 300oI -6oo
3000[ -1050
28801 -1400
29751_ -1550

Did
Did

run114 i 125 3_--00--O- 20 Did
run115 125 3000 0

-17.975 -101
0.175 95

1.7 110
3 140

4.91 160
-4.81 50

6 ........1.55
7.75 160
9.25 185]

-9.1 35
12 200

16.99! 220
-i6.5
-0.05
1.75i
3.4

4.95
6.6

8.45

notrun...interferencewith u joint
notrun..,interferencewithu joint
not run.,,interferencewith ujoint
32oo'_-2oo -o.2

10
850 ITTVGear4 (Slipratio=0.037)
700 Tireskidded4 feetat end

700Toftest (100%slip)
600

550 t300

1725

I
t
=

ITI'V Gear7 (Slipratio=0.113)

I

I

run116 125 3000

run117 125 3000!
run118 ! ..... 125 3000
r_n_Lg_L_ 1_25 ....3000:
run120 ' 125 30001
run121 ! 125; 30001
run122 i 125 300___ __

2 31901 -100
4 31001 -250
6 3075i -450
8 3050 -800

10 3045 -1000

run123 i 125 3000

12 Did

1.9
3.75
5.55
7.2

9

notrun...interferencewithu joint
15 Didnot run...interferencewithu joint
20 Didnot run...interferencewithu joint

1450
1300
1250
1100

1100 1

[un12_4t 350
run125 I 350

_n126 __ _2_
run127 ! 125

3000 2
3000
3000 -6

30001 12
run128 i 125[ 6000
run129 i 3501 60001

2_0_, -250
2900 -1150
3000 135O
2900 -1750
6000 -700
6O00 -1100

1,751 25 Repeatrun89

6.85i 60 Repeatrun 92
-4.65 -20 Repeatrun73 • ....
10.25 ...... -1-25iRepeatrun68 !

3.3 85 Repeatrun81 I
4.9 120iRepeatrun 100

20



T-45 Nose Gear Tire Test Run Parameter Time Histories
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Appendix B

T-45 Nose and Main Gear Tire Footprints
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Figure B 1
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T-45 Nose Tire
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Figure B2
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Figure B5
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T-45 Nose Tire
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Figure B6
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T-45 Main Tire
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T-45 Main Tire
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T-45 Main Tire

350 psi.
6000 lb.
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Figure B 10
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Appendix C

T-45 Nose and Main Gear Tire Cornering Behavior

T-45 Main Gear Tire Braking Behavior
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